Introduction {#s1}
============

Although the neurosciences have made considerable advances in the last two decades, the core problem of how brain processes cause consciousness is still outstanding. Since the fundamental mechanisms of the physical world are described on the basis of quantum field theories, the question arises whether quantum physics is also relevant for the understanding of consciousness. As far as this question is concerned, the scientific community is divided by a gulf separating those who regard the properties of quantum systems as essential ingredients of a theory of consciousness (Beck and Eccles, [@B3]; Stapp, [@B47]; Hameroff and Penrose, [@B32]) from those who cast doubt on a deeper connection between quantum physics and consciousness and, hence, contest the necessity of quantum approaches to consciousness (Tegmark, [@B48]; Koch and Hepp, [@B35]; Baars and Edelman, [@B2]; Seth, [@B46]).

Where does the disparity of opinions come from? On closer inspection, it becomes obvious that the discrepancy originates mainly from the unsatisfactory overall situation of quantum theory. Although the formalism of quantum physics is highly developed and all the predictions are perfectly confirmed, the explanatory approaches to quantum phenomena leave many questions unresolved. This is the cause for a whole lot of misinterpretations and misunderstandings regarding the nature of quantum systems and the conditions under which they can develop.

In order to bridge the divide and appreciate the real value of quantum physics for consciousness research, we need more transparency about the processes that take place in the quantum world. A small circle of physicists accepted this challenge and strived after concepts that eliminate the explanatory gaps of quantum theory. The most developed approach is stochastic electrodynamics (SED), which has achieved significant progress over the years. Instead of purely describing quantum phenomena, as the established formalism of quantum physics does, SED provides a look behind the scenes of quantum systems, thereby disclosing the fundamental principles underlying matter, explaining the origin of quantum phenomena and unraveling the mysteries of quantum physics.

This article is grounded on the assumption that SED is the proper foundation for the understanding of quantum systems. I outline the central insights of SED and interpret the neurophysiological body of evidence in the context of these insights. On this basis, I construct a new hypothesis on the functioning of the brain and the mechanisms behind conscious processes. Finally, I discuss the new perspectives this hypothesis opens up for consciousness research.

Fundamental mechanisms underlying quantum systems
=================================================

The foundations of SED were established in the 1960\'s and 1970\'s (Marshall, [@B40], [@B41]; Boyer, [@B4], [@B5]) with the goal to derive the laws of quantum physics from first principles. Since then, the framework of SED has been continuously advanced, most notably by important theoretical works (De la Peña and Cetto, [@B15], [@B16], [@B17], [@B18], [@B19]) and insightful numerical simulations (Cole and Zou, [@B10], [@B11],[@B12]). Through the recent developments many of the initial problems could be resolved, now enabling the derivation of the full formalism of quantum mechanics and quantum electrodynamics from SED (De la Peña and Cetto, [@B18]).

SED is based on the conception that the vacuum is imbued with a real, all-pervasive stochastic radiation field, called zero-point field (ZPF), which may be viewed as an ocean of energy that permeates the whole universe, making the vacuum in reality a plenum. The undisturbed ZPF exhibits several symmetries, namely homogeneity, isotropy, Lorentz invariance, and scale invariance, and can be described as a sum of plane electromagnetic waves with random phase and a characteristic power spectrum. In this form, the ZPF constitutes a background of permanent activity that is present even at absolute zero.

According to SED, the components of every physical system interact permanently and unavoidably with the ZPF, thus acquiring a stochastic motion and behaving as stochastic oscillators. As long as a system is sufficiently shielded against thermal noise and the ZPF is the dominating driving force, the energy exchange between the system components and the ZPF can reach equilibrium states where the average power absorbed by the system compensates exactly the average radiated power. These balance situations are identical with the stationary states predicted by quantum theory (De la Peña and Cetto, [@B18], [@B19]). Hence, any dynamical system in balance with the ZPF displays quantum behavior. Upon reaching equilibrium, such a system falls into a stable attractor (De la Peña and Cetto, [@B16]).

Since matter and ZPF exert a mutual influence, the presence of matter also affects the dynamics of the ZPF. In the case of a nonlinear system in equilibrium, the interaction between the system components and the ZPF leads to a modification of the ZPF. As soon as a stable attractor is reached, the frequency components involved in the maintenance of the equilibrium can become highly correlated (De la Peña and Cetto, [@B18]), resulting in a de-randomization and partial organization of the local field (De la Peña et al., [@B20]). This means that the formation of an attractor imprints a system-specific information state on the ZPF. In this way, all the components of the system are effectively coupled through the ZPF, giving rise to collective cooperation and long-range coherence (De la Peña and Cetto, [@B18]). Hence, the key insight from SED is that the properties of quantum systems are emergent phenomena that can be traced back to the resonant interaction between the system components and the ZPF. So, let us register: *A quantum system functions as a resonant stochastic oscillator that selectively filters its specific resonance frequencies out of the ZPF spectrum. As soon as a quantum system reaches a stable attractor, the system components display long-range coherence, which is mediated by the information-bearing, partially organized ZPF*.

Given these universal mechanisms, it is quite obvious that there is no clear separation between the microcosm and the macrocosm. Independent of the system size, it is always the resonant coupling of the system components to specific frequencies of the ZPF spectrum that enables pattern formation and leads to quantum behavior. On small length scales pattern formation is facilitated by the higher frequencies of the ZPF spectrum, for larger and larger systems the lower frequencies get more and more important. Thus, it is to be expected that under appropriate conditions, primarily neutralization of disruptive thermal effects, quantum phenomena can arise in many macroscopic systems, particularly in biological systems (Lloyd, [@B38]).

Fundamental mechanisms in the brain
===================================

In order to judge whether or not the brain is a quantum system, we have a look at the body of evidence resulting from the analysis of neural activity patterns. A common strategy behind these research activities, which have been continuously improved and methodologically refined over the years (Aru et al., [@B1]), consists in distilling the neural correlates of consciousness (NCC).

To begin with, it is widely accepted that consciousness is associated with long-range coherence in the brain, particularly with synchronized activity in the gamma frequency band (Crick and Koch, [@B13]; Desmedt and Tomberg, [@B23]; Engel and Singer, [@B25]; Melloni et al., [@B42]). In more detail, new results suggest that "discrete moments of perceptual experience are implemented by transient gamma-band synchronization of relevant cortical regions, and that disintegration and reintegration of these assemblies is time-locked to ongoing theta oscillations" (Doesburg et al., [@B24]). Moreover, it was found that gamma synchrony shows up not only during attention to an external stimulus, but also in altered states of consciousness, such as meditation (Lutz et al., [@B39]) and REM sleep (Llinás and Ribary, [@B37]; Montgomery et al., [@B44]).

As for the characteristics of the gamma oscillations, a time-frequency analysis of the local field potentials (LFP) revealed that "the source of gamma-band peaks is of stochastic nature" (Burns et al., [@B7]) and that "gamma activity is indistinguishable from filtered noise" (Burns et al., [@B6]). Hence, gamma activity cannot be understood on the basis of deterministic network models. Rather, noise seems to play an essential role in the generation of gamma synchrony, so that in a realistic model the brain should be "viewed as a resonant stochastic oscillator" (Burns et al., [@B7]). Furthermore, also experiments investigating stochastic resonance (SR) within and between brain areas imply that "SR-mediated neural synchronization is a general mechanism of brain functioning" (Ward et al., [@B51]) and that "noise could play a fundamental role in biological information processing" (Kitajo et al., [@B34]).

The analysis of EEG and MEG background activity showed that spontaneous oscillations in the brain exhibit 1/f power-law scaling behavior, indicating that the brain operates in a scale-free state of self-organized criticality (Linkenkaer-Hansen et al., [@B36]; Freeman et al., [@B30]). Such scaling behavior was also verified for the LFP in humans (Milstein et al., [@B43]). It is quite revealing that the origin of this behavior can be explained as a quantum phenomenon involving the ZPF (Cavalleri and Bosi, [@B8]).

I would like to complete the compilation of evidence with the findings of Walter Freeman. His studies in animals showed that conditioned stimuli are associated with macroscopic patterns of amplitude modulation of a carrier wave in the gamma and beta frequency range, which represent attractors in an attractor landscape (Freeman, [@B27], [@B28]). The results further suggest that these attractors are the NCC, since the corresponding activity patterns are "not fixed representations of the stimuli," but rather are "correlated with the actions and inferred perceptions of the animals" (Freeman, [@B29]). It was discovered that "vast collections of neurons shift abruptly and simultaneously" between different attractors (Freeman, [@B27]), resembling "cinematographic frames" whose "rapid and efficient formation and dissolution" can only be understood on the basis of many-body quantum theory (Freeman and Vitiello, [@B31]). From this perspective, the brain can be regarded as a complex system that operates near a critical point of a phase transition. While displaying spontaneous activity and irregular dynamics in the disordered phase, an appropriate stimulus can transfer the brain to the ordered phase that exhibits long-range correlations and stable attractors. These features cannot be explained without recourse to quantum dynamics (Freeman and Vitiello, [@B31]).

Taken as a whole, the currently available body of evidence and the entirety of observations suggest that the brain has all the characteristics of a macroscopic quantum system. This becomes particularly obvious when we interpret the neurophysiological findings in the context of SED and the consequent organizing principles summarized in the previous section. Accordingly, the brain can be viewed as a resonant stochastic oscillator driven by the ZPF, which acts as a ubiquitous noise source causing the spontaneous background activity in the disordered phase of the brain. A suitable sensory input induces a transition to the ordered phase and prompts a cell assembly of the brain to fall into an attractor. As soon as a stationary state is reached, the assembly enters the quantum regime, displays long-range coherence and imprints a specific information state on the local ZPF. In the regular perceptual process such phase transitions are repeated with frequencies in the theta range. A better understanding of this process, which includes all the levels of microscopic and macroscopic organization, is still required, with special attention to the conditions under which long-range coherence is possible. The latest studies point to the importance of interfacial water that effectively neutralizes thermal disturbing effects and facilitates coherence (Del Giudice et al., [@B21], [@B22]).

It can be concluded that the brain evidently provides an environment that is sufficiently shielded against thermal noise, making the ZPF the dominating agent and communication medium that orchestrates the brain activity and enables the emergence of quantum phenomena. This indicates that *the recurrent formation and dissolution of quantum states constitutes a fundamental mechanism in the brain*. Whenever the activity of the brain reaches a stable attractor, a ZPF information state is generated and a conscious experience arises.

Brain and consciousness
=======================

In order to define the relationship between brain and consciousness still more precisely, additional input is required. In my approach, I take this input from Eastern philosophy, a discipline that has a long tradition in studying consciousness very systematically. A detailed comparison between the findings of SED and the insights of Eastern philosophy reveals not only a striking congruence as far as the basic principles behind matter are concerned. It also gives us the important hint that the ZPF is a promising candidate for the carrier of consciousness, suggesting that *consciousness is a fundamental property of the universe*, that *the ZPF is the substrate of consciousness* and that *our individual consciousness is the result of a dynamic interaction process that causes the realization of ZPF information states* (Keppler, [@B33]).

These hypotheses express that consciousness as such is not produced by matter. Rather, they imply that matter and consciousness have a common basis in the ZPF, which not only orchestrates matter and gives birth to the enormous variety of phenomena in our physical world, but also forms the foundation of our conscious experiences. In that it is ubiquitous and equipped with unique properties, the ZPF has the potential to define a universally standardized substratum for our conscious minds, giving rise to the conjecture that *the brain is a complex instrument that filters the varied shades of sensations and emotions selectively out of the all-pervasive field of consciousness, the ZPF*. This is achieved by the fundamental mechanism described above, which leads to sequences of attractors. Every attractor acts as a frequency filter on the ZPF and generates a characteristic frequency pattern, thus specifying a ZPF information state that is associated with a conscious state. In this way *the brain produces an individual stream of consciousness by periodically modifying the ZPF and generating ZPF information states*. This process is illustrated in Figure [1](#F1){ref-type="fig"}.

![**The brain produces a stream of consciousness by periodically modifying the ZPF and generating ZPF information states.** This process is triggered by appropriate stimuli that induce macroscopic patterns of synchronized activity in the gamma frequency band. These long-range activity patterns, which represent attractors in an attractor landscape, are the NCC. In the regular perceptual process the alternation of synchronization and desynchronization is linked to theta oscillations. Whenever the brain activity falls into a stable attractor, there is a corresponding ZPF information state, which carries the integrated information of the attractor and is characterized by specific correlations between frequency components of the ZPF spectrum. Every ZPF information state is associated with a conscious state, i.e., every ordered pattern in ZPF information space corresponds to a phenomenal state in qualia space.](fpsyg-04-00242-g0001){#F1}

Discussion and concluding remarks
=================================

The SED-based approach addresses a core problem of current neuroscience and casts new light on the mechanisms underlying conscious experience. In this way, it opens a door to the transition from correlation to explanation, which "requires an understanding of *why* particular NCCs have a privileged relationship with consciousness" (Seth, [@B45]). The crucial point is that only attractors, which are synchronized activity patterns orchestrated by the ZPF, provide access to the substrate of consciousness to such an extent that they leave fingerprints in this substrate. Hence, conscious processes can be distinguished from unconscious processes in that only the former processes bring about activity patterns that reach equilibrium with the ZPF and are accompanied by ZPF information states. Depending on the dynamic situation, the same assemblies of a network can be involved in conscious and unconscious processes.

In the wider context of the cognitive cycle every conscious process is preceded by a set of preconscious processes that are potentially capable of entering consciousness (Dehaene et al., [@B14]; Franklin and Baars, [@B26]). According to the ideas brought forth in this article, none of the competing activity patterns representing the preconscious processes is a fully developed attractor. Rather, these activity patterns are attractors in early stages of development, which display some of the dynamical characteristics of fully developed attractors but have not exceeded the required equilibration time and reached equilibrium with the ZPF. Therefore, in the preconscious phase no ZPF information state is generated and no conscious experience arises. Only one selected and attentionally amplified activity pattern gets the chance to fully unfold and develop to a full-blown attractor that reaches equilibrium with the ZPF, generates a ZPF information state and results in a conscious moment.

The concept of ZPF information states is totally in line with the double-aspect principle of information, which is a "candidate for a basic principle that might form the cornerstone of a fundamental theory of consciousness" (Chalmers, [@B9]). Moreover, the SED-based approach specifies this principle in that it imposes a constraint on the sort of information that is associated with consciousness. Based on the hypothesis that the ZPF is the carrier of consciousness, only nonlinear systems that interact dynamically with the ZPF and generate ZPF information states can produce conscious states. The internal aspects of such information states are phenomenal, i.e., a conscious moment is a ZPF information state experienced from inside. The external aspects of such information states are physical and show up as NCC (Keppler, [@B33]).

Taken to its logical end, the SED-based approach indicates that all microscopic and macroscopic quantum systems may be conscious, with the quantity and quality of consciousness being associated with the complexity of the system. While simple systems, which are characterized by relatively sparse attractor landscapes and relatively simple attractors, are endowed with a rudimentary form of consciousness, complex systems have very rich and highly adaptive attractor landscapes with complex attractors, giving rise to a broad spectrum of conscious experiences. These concepts are related to the integrated information theory (Tononi, [@B49], [@B50]) and similar approaches that measure consciousness by means of dynamical complexity (Seth, [@B45]). The strong point of the SED framework is that it is able to underlay these approaches with a universal dynamical mechanism of information integration and, hence, specifies how and where the integration takes place. The key finding is that the integration cannot be accomplished by the network architecture alone. Rather, it requires the ZPF as an integrating agent and it is the ordered ZPF configuration behind an attractor that carries the integrated information.

In summary, the presented approach is fully consistent with the findings of physics, neuroscience, and Eastern philosophy. Instead of tying consciousness completely and utterly to the material structure of the brain, the approach suggests that the universe is imbued with an all-pervasive substrate of consciousness and explains how the brain shapes this substrate in a causally closed functional chain, thus opening up entirely new perspectives for consciousness research. The next step consists in making testable predictions. This will involve a high degree of physics and means that we have to build SED-based oscillator models of the brain that are sufficiently realistic in order to reproduce the observed attractor dynamics. When such models are in place, we can pass through a number of conscious states, identify the attractors, determine the corresponding ZPF information states and systematically classify ZPF information space on the basis of the first-person accounts (Keppler, [@B33]). This will bring us closer to the goal of understanding how exactly the human brain produces a stream of phenomenal consciousness.
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